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TRAJECTORY SfIU'DSES FOR USE EN D E m P T J % N G  TRACKING 

FOR PROJECT APOLLX) 

SUMMARY 

In  recent months the  ground ru les  f o r  the  Apollo missions have 
become ref ined t o  the  degree t h a t  a study of the  tracking network is 
feas ible .  Consequently, the  Manned Spacecraft  Center i n i t i a t e d  a study 
t o  assess the  tracking network required t o  support the Apollo missions. 
The four mission phases i n  which network planning had l e f t  a need f o r  
augmentation were the  following: 

1. Inser t ion  

2. Parking o r b i t  

3. Post t ranslunar  in ject ion 

4. Reentry 

For i n se r t i on  tracking, one tracking ship, i n  combination with ex- 
i s t i n g  land tracking s ta t ions ,  i s  adequate f o r  tracking inse r t ion  i n t o  
the  parking o r b i t  throughout the  da i ly  launch window. 

For the  parking orbit, phase of the  mission, the  assumed network 
appears t o  be adequate. 

For t he  in jec t ion  phase of t he  mission, it w a s  found t h a t  t o  have 
adequate coverage f o r  most At lan t ic  in jec t ions  a ship o r  s t a t i o n  i n  the  
v i c i n i t y  of South Africa is essen t ia l .  I n  addition, a ship  i n  the  vi -  
c i n i t y  of Guam Is land wauld be valuable f o r  covering many Pac i f ic  
in ject ions .  

For the  reentry  phase of the  mission, it has been determined t h a t  
one ship  s t r a t eg i ca l l y  1.ocated i n  the  Pac i f ic  can be used f o r  e s sen t i a l l y  
a l l  reentry  ranges once the  proper hemisphere is  specified.  Since a 
Northern Hemisphere and a Southern Hemisphere landing s i t e  must be used 
during d i f f e r en t  times of the  month, two tracking ships would be needed. 



This i s  a s tu@ of se lec ted  Project  Apollo t r a j ec to r i e s  and ea r th  
parking o r b i t s  which attempts t o  determine the  adequacy of present and 
planned tracking f a c i l i t i e s ,  and which proposes locations f o r  new sta- 
t ions t o  adequately support the  Apollo mission. 

Because of the  complex nature of t he  Apollo mission, the  tracking 
requirements a r e  not a s  e a s i l y  defined a s  i n  ea r th  o r b i t a l  missions o r  
one-way unmanned interplanetary  missions. Definit ive mission ground 
rules  f o r  Project  ApoUo were not f i l l y  developed u n t i l  recently; how- 
ever, the  mission t r a j ec to ry  ground ru l e s  have been es tabl ished i n  enough 
de t a i l .  Now f a i r l y  de f in i t i ve  tracking requirements can be es tabl ished 
f o r  t he  nominal mission. 

The r e s u l t s  presented i n  t h i s  paper a r e  not complete i n  t he  re- 
entry  phase s ince  i n  t h i s  phase the  spacecraft  reentry  guidance s teer ing 
equations have not been c l ea r ly  defined. 



sYImos.4S 

A Sanpling i n t e r v a l ,  seconds 

T Smoothing time i n t e r v a l  
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b-ssixnptions, LAmitations, and I n i t i a l  Data 

Tr~iz rti1.d-y i s  based on t he  P r o j e c t  Apollo inissi.on ground r u l e s  
devf;.lopcd by I?e,lmed Spececraf t Center  Apollo Miss ion  Tra j ec to ry  Sub- 
Prinel s e t  f o r t h  i n  appendix A .  Some of t h e  b a s i c  mission r u l e s  ilsed 
51.?3 3:; f  ~ l l ? o b l ~  : 

I.. Thc ra . i~ze s a f e t y  I.irnits a r e  based on lau.nch azimuths of 
( 2  0 - io3 0 ,  k.zi~-fiutl-is considered i n  t h i s  s tudy  a r e  azinzutl-rs of  d e s i r e d  
i n c l i n a t i o n s  f o r  100 na-ut ical  mi le  c i r c u l a r  o r b i t s  passi.ng througli Cape 
Ca,~~averal.. I n  t h i s  s tudy  t h e s e  azirnuths a r e  r e f e r r e d  t o  as I.a,u.nch 
i s .  T'l~erefore, t h e  "la,uiiclz azil~tmths" r:~llich appear  i n  t h i s  r e p o r t  
a r c  not  t o  be mistaken f o r  t h e  i n i t i a l  launch azimuths of t h e  powered 
il igh L lc,u.nch ph~ . se .  

2. A v a r i a b l e  aziniuth sweep of 26" w a s  allox.iec% ( f o r  ex~u~lrilple, 72"- 98", 
'74' - 100°, 80" - l ob0 ,  82O - 108" ) ivrhich c ~ r r e s p o n d s  t o  t h e  d a i l y  lau-ncii 
windobr . 

i;. 'T'hc number of e a r t h  -narking o r b i t s  i s  l i m i t e d  t o  t h r e e  s i n c e  
I Ll?e &i:lu~i~ IY Booster  ( s - D ~ )  p r e s e n t l y  has a $- h0u.r l i i e i t a t i o n  be- 

i:a1,ill:;<: of perf omance,  s y s  terns, l i f e t i m e ,  ancl r e l i a b i l i t y  c o n s i 6 e r a t i . o ~ ~ .  

The t,er?!!:; i n s e r t i o n  and i n j e c t i o n  i n  t h i s  paper  r e f e r  re:;pectively 
-to e n t r y  i n t o  a n  e a r t h  park ing  o r b i t  and e n t q  i n t o  a transl-cmar .tra,- 
jecto:ry from a11 eclrtln park ing  o r b i t .  I r l se r t ion  :in t h i s  s tudy  was a .ss~~!~ed 
L .  
~ c i  occur  1,4-00 n a u t i c a l  mi les  downrange from Cape Canaveral a t  an a.1i;i- 
tudc of 1.00 nau-Licai mi les .  

'81e j .nject ion p o i n t s  considered n~unbered more than  200, due t o  
pcl~;n~ttzti .oi~ o f  t h e  r;laiiy parame t e r s  necessary f o r  complete problenl de- 
s-r i .pt ion.  Z?ILJ.~, inQec t i o n  p o i n t s  x e r e  considered f'or seven launch 
a.zilliu.t!~:., (68.8, 72.6, 74.. 7, 90, 102.7, 107.k, an& 11 .2 ) ,  f i v e  l u n a r  
(.lecl.inc?tions (-27.5, -15, 0, 15, azid 27.51, and two i n j e c t i o n  area;: 
( f l ~ l a ~ n t i c  and p a c i f i c ) ,  and t h r e e  o r b i t s ,  f o r  n t o t a l  o f  210 p o i n t s .  
I-i; s.:iloul.cI be noted t h a t  130 of' t h e s e  Lnject ion p o i n t s  a r e  w i th in  ra,n,ge 
s::.i'e ty l i n z i ' i n .  The 40 i n j e c t i o n  p o i n t s  ou t s ide  t h e  range s a f e t y  ILirnits 
i ,Lie r,-, -- ??sc.d i;o in te rpo1:~te  da t a  f o r  72' 2-nd 108" lacnch  azlmu-ths. Usilig 

Liiese i i i i t i a l  condi t ions ,  t h e  t r a n s l ~ ~ n a r  t r a j e c t o r i e s  weye colapu-ted f o r  
!i. , [:,a. L I L ~  --? follot.ring i n j e c t i o n .  It was assuned t h a t  t h e  s p z c e c r a f t  would 
iterta.ii;ly be accp-ired end traclced a f t e r  4 hours from i ~ ~ j e c t i o n  'iiy a 
Dczp Splice I n s t r m l e n t a t i o n  F a c i l i t y  (DSIF). As a i r ~ a t t e r  of f a c t ,  s i nce  
, - 
i-!I:, :::ti.t;;dc of tile v e h i c l e  i s  nea r ly  18,000 nau. t ical  mi les  2 ho;!rs ><.her 



in jec t ion ,  r,ccll~j_si.tion a,nd tracki~g interval tines !?or the  non-DSIF 
s t a t i o n s  w e r e  cc?!npu.ted for only  2 I-ioi.l:rs folio'i<l.urg i n  jec t ion i  a s  the  
DSD s t a t i o n s  could. 'ne continuously t r ack ing  the  vehicle by t h i s  time. 

The p r o b a b i l i t i e s  f o r  i n j e c t i o n  in each of the  f0u.r parking o r b i t s  
ha,ve been es t i rmted  f o r  At lan t i c  and. P a c i f i c  i n j e c t i o n s  and a r e  l i s t e d  
a s  follows : 

Orbit  No. At lan t i c  Pac i f i c  -- 

These p ro5ab i l . i t i . e~  consider the  p o s s i b i l i t y  of a  nominal i n j e c t i o n  i n  
any orb it. 

Four landing loca t ions  were consi6ered f o r  t h e  reen t ry  phase. These 
include two Land locat ions ,  one i n  Texas and one i n  Austra,lia, and two 
water locat ions ,  one near Hawaii and one near  Samoa. 

Requirements were esta'olished t o  guarantee t h a t  a  radar  could t r a c k  
the  vehicle.  The e x i s t i r g  DSW requirements a r e  t h e  following: the  
e leva t ion  angle w a s  t o  exceed. 5')  to ta l .  t racking time w a s  t o  exceed 
1.0 minutes, r e a l i s t i c  physica l  cons t ra in t s  of  t h e  radar  mounts vere  t o  
be included, and no s l a n t  range l i m i t a t i o n  was t o  be considered. The 
nroposed DSD requirements a r e  t h e  same a s  the  e x i s t i n g  DSIF require-  
ments except t h a t  no physica l  c o n s t r a i n t s  of t h e  radar  mounts were t o  
be considered. The requirements for non-DSIF s t a t i o n s  were t h a t  t h e  
e l e v ~ t i o n  angle was t o  exceed 5 @ ,  t o t a l  t r ack ing  time was t o  exceed 
j minutes, and s l a n t  range was t o  be l e s s  than 32,000 n a u t i c a l  miles.  
( Impl ic i t ly ,  t h i s  assumes that  modificat ion k i t s  have been added t o  t h e  
non-DSD s t a t i o n s  ) . 

Table I presents  the  loca t ions  of s t a t i o n s  assumed f o r  t h i s  s tudy,  
A l l  s t a t i o n s ,  except t h e  present  DSIF  oldst stone (o ld ) ,  Woomera, ar_d 
~ o h a n n e s b u r ~ )  s t a t i o n s  were assumed t o  be equipped wi th  x-y o r  po la r  
mounts . 

The spacecraf t  was assumed t o  have a  C-Band beacon i n  add i t ion  t o  
a  u n i f i e d  S-Band beaeon, 



rrl:;ertion, .- Tra",i<ixg of' +-'-~-- ' - k , ~ _ s _  i~s~r+.:,i_o~ piiasz of t h e  rfiission i s  con- 
c. ,.i:&rlc;13 -7 :Ke-.?ssa-r;i f o r  nml'ril;g 2. (i:O--l]O GO dec i s ion  on t h e  o r b i t a l  phase 

~f t,he rniasiol-: base& on t h e  inser t i .on  v e l o c i t y  vec to r .  

Theref ore,  t r a c k i n g  i s  needed throirghout p i~ve red  f l i g h t  and f o r  a 
s u f f i c i e n t  t i n e  a f t e r  p o ~ ~ e r e d  P l i g h t  t o  determine an  a c c u r a t e  cu t -o f f  
ve1oci.-ty. A v e l o c i t y  accu.ra,cy of  approxr_ifnately 1 2  - i G  f e e t  p e r  second 
(3 r;-i.@na.) i s  needed. t o  make the GO-80 GO dec i s ion .  This  i s  approximately 
t h e  same a.cc-or8.c~ as obta ined  by P r o j e c t  Mercu-ry Be~11uda s h o r t  a r c  so lu-  
?;Lon. 'I'hc t ime a v e i l a b l c  a f t e r  cu l -of f  i.11 which t o  mzlre t h e  GC-NO GO 
:lecFcj.on w i l l  be -bet.c~een j O  aiid 30 seconds, b u t  13.rther s t u d i e s  need t o  
be made beI'oi-e t h e  e x a c t  time a~~a.i:La'hle can be deteel?-nixed. 

Fig11rc 1 shoias t h e  p o r t i o n s  oP f i v e  e a r t h  parking oyb i t  g r o ~ n d  
t .racks i n  t h e  i n s e r t i o n  a r e a  and  radar coverage c i r c l e s  f o r  t m c k i n g  
::-i;:?.-Lior~:; l o c a t e d  at  Cape Canaveral, Eermld-a, Antigua,, and San Sa1vado:r. 
Also r,li.o-rm a r e  t h e  r a d a r  cclierage circle; ;  f o r  a s h i p  1,800 n a u t i c a l  mi les  
d:j~:nra,nge from Cape Canaveral a.t t h r e e  loca, t icns A, R, and C .  

Frorn f i g u r e  1 it can be seen t h a t  Cape Canaveral., San Sa.1.v-a.dor, a.nd - 
i5(?~"ir1,i.(C.s a l~qnys contribu-ce t.o t h e  trae:king i n  t h e  e a r l y  p a r t  o f  t h e  3.a~ulch 
oveY t h e  t o t a l  azimuth range.  Be11n11cls,, Antigua, al;d t h e  tl-aekfing s h i p  
i!iust be rl\r~?.ilable i;o t r a c k  -tile te:mina2. I_aunch pha,se. Only Antl.goa arid 
.{-1 e~.~;;. l,r.;.?ckir!l~ s h i p  a r e  e f f e c t i v e  i n  t r a c k i n g  a f t e r  S-TVE cvt -of f .  

In f i g u r e  2 ( a )  t h e  t r a c k i n g  for. s h i p s  ai; s i x  ass~mled .Tocati.ons a r e  
shown. These l o c a t i o n s  a re  a t  vari07~1-s d-istances dotmrange on t h e  ground 
t r a c k  o r  t h e  90" launch azim~i.th parking o r b i t .  The t o t a l  t r a c k i n g  t-ime 
from i n s e r t i o n  i s  p l o t t e d  a g a i n s t  l2u.nch azimuth. 

T c ~ t a l  t r a c k i n g  times and launch windo~ ,~s  i n  degrees o f  aziniui:.h a s  
I'urictions of var ious  s h i p  l o c a t i o n s  a r e  shown i n  f i g u r e  2 ( h ) .  From thi.s 
Yigure i t  was determined. t h a t  a s h i p  loea,ted near  1,800 naut ica l .  mile:; 
clownra~xe from Cape Canaveral >:as a nea r  optinlum 1oca.tion. I n  t h i s  case  
more than 3 minu-tes of t r a c k i n g  a f t e r  i n s e r t i o n  i s  obta ined  f o r  d i f f e r -  
ences o f  28" i n  launch  azim~i.th (80" -- 108") .  

The t o t a l  t r ack ing  t imes from i n s e r t i o n  f o r  A n t i w e ,  Bermda, and  
f o r  t h r e e  l o c a t i o n s  of a s h i p  placed. a'i 8. nea r  optrim-xn d i s t s n c e  d.o~fnra~?ge 
fro111 Cape Canaveral, a r e  shown i n  f i g u r e  2 ( c  ) . 

Fror:i thTs f:i.g~.re it can be seen t h a t  radar t r ack ing  by Antigua i s  
c Y i ' c ~ t i v c  only f o r  launch azimn>~.tk;s g r e a t e r  t i ~ a n  a,pproximately 100". !%ere- 
rL,rL-e? :->- -k-  L,,l\lnf; *a.7 ,--I- - ,;his i s  n e c e s s ~ q -  t o  i n s u r e  conti:luous traciti-n;: during 

tl ie e i ! t i r e  1axi.nch phase and a f t w  i n s e r t i o n .  The s h i p ' s  locat , ion w i l . 1  



be a,djusted accoraing t o  the  tracking provided by land s t a t i ons  such as  
Antigua. The movemenz required of  a ship during the  monthly cycle i s  
within the capzbi l i ty  of a normal tracking ship.  

Figure 2(d) shows Lo-tai t racking time from inser t ion  fo r  a sh ip  
placed a t  a near optinim distance clownrange, f o r  Antigua, and f o r  Bermuda 
a s  a function of launch azinuth  window i n  degrees. It can be seen from 
f igure  2 (d)  t h a t  Antigua w i l l  provide a maximum of only 1 minute of 
tracking a f t e r  inse r t ion  (102 .5~  - 108') f o r  only 5' of the  26' range 
of launch azimuth. Therefore, a tracking ship w i l l  be necessary t o  in- 
sure coverage of the  26" range of launch azimxth. 

Parking orb i t . -  Tracking i s  a l s o  needed during t he  parking o r b i t  t o  
update the  S-IVB in j ec t i on  guidance system. 

Ground based o r b i t  determination during the  parking o r b i t  phase i s  
necessary :for checking -the onboard navigation system, pa r t i cu l a r l y  when 
cloud coverage precl.udes observation of the  ea r th  by the  vehicle.  

S-IVB ul lage and venting impulses impart a veloci ty  increment t o  the  
S-IVB a t  approximately 17-minute in te rva l s .  The t o t a l  ve loc i ty  increment 
added i n  .three o rb i t s  could be a s  high as 30 t.o 40 f e e t  per  second. It 
i s  necessary tha,t measurements of t h i s  ve1oc i . t~  increment be telemetered 
from t h e  spacecraft  f o r  use  i n  t h e  ground based o r b i t  determination. The 
s t a t i o n  coverage assumed i n  t h i s  paper appears t o  be adequate f o r  ground 
based o rb i t  determination i f  the  venting impulses information can be sa t -  
i s f a c t o r i l y  transmitted f o r  use on the  ground. 

Figure 3 shows ground t racks  f o r  four  eart l i  parking o rb i t s  and 
radar  coverage c i rc2 .e~  f o r  various radar s ta t ions .  Also shown a r e  the  
t ranslunar  in jec t ion  points f o r  lunar  declinations used i n  t h i s  study. 
The in jec t ions  fron; the  four th  o r b i t  were not s tudied because of the  
present l i f e  expectan.cy of the  S-IVB. 

In  f igure  4 the  t h e  i n t e rva l s  during +~h ich  a vehicle i s  tracked. 
from inser t ion  by the  stati.ons of f igure  3 a r e  shown f o r  four ea,rth 
parking o rb i t s  f o r  each of f i v e  Launch azimuths. Since i n se r t i on  occurs 
12 minutes a f t e r  Launch, tirnes from launch say be obtained by adding 
12 minutes t o  each acquis i t ion  and f i n a l  contact times. 

Figure 5 shows the  time i n t e r v a l  from the  f i n a l  radar contact  i n  an 
ea r th  parking 0rbi.t t o  the  i n i t i a t i o n  of t ranslunar  in jec t ion  thrust ing.  

In ject ion. -  Tracking i s  needed a f t e r  in jec t ion  t o  make a GO-NO GO 
decision on %e tre.nslunar phase of the mission. 

Another reason f o r  desir-ing in jec t ion  tracking i s  associa ted with 
the  use of the  ground. based o r b i t  determination system t o  determine a 



rnidcourse correction.  Normally, the f i r s t  midcourse correction  rill be 
mad-e between 5 and 8 hours a f t e r  in jec t ion .  This delay i s  necessary 
since it requires a considerable length  of t.ime before a su f f i c i en t  rum- 
ber of onboard observations can be rnade t o  deten~zine the  posi t ion and 
veloci ty  with enough confidence t o  make the  f i r s t  midcourse correction.  
However, the  ground network with the  a b i l i t y  t o  have higher data r a t e s  
may be able  t o  achieve a s a t i s f ac to ry  prediction of pos i t ion  and veloci ty  
before it i s  possible i n  t he  spacecraft .  I n  some noii-normal cases, 5 t o  
8 hou-rs could be too l a t e  f o r  making the f i r s t  midcourse correction.  I n  
these cases, ground determination of the  o r b i t  es tabl ished within an hour 
a f t e r  i n j ec t i on  could r e s u l t  i n  the  sa,ving of an otherwise aborted or  
a l t e r ed  mission. 

There a r e  a number of operational  features  which en te r  i n t o  the  
acquis i t ion time requirements fo r  post  in jec t ion  tracking.  These a r e  
a s  follows : 

1. The S-IVB s t a t e  has 2 vent-free mode l im i t a t i on  of 60 minutes 
a f t e r  in ject ion;  therefore,  the  Command Module t ransposi t ion and docking 
with the  S-IVB - LEN s tage should be completed before 60 minutes a f t e r  
in jec t ion  ( the  S-IVB - LEM stage ?s  used i n  an a t t i t u d e  hold mode during 
the  t ransposi t ion and docking maneu.ver ) . 

2. The maximum time required for' tra,nsposition and d-ockirig i s  
estimated not t o  exceed 40 minutes. The present estimate of the  normal 
time i s  30 minutes. The rflini.murn time required f o r  t ransposi t ion and 
docking has been estimated t o  never be l e s s  than 17 minutes. It i s  de- 
s i rab le  t o  begin transposi.tion and docking a s  soon - 3  possible a f t e r  in- 
jec t i o n  and before venting. 

3. A GO-TJO GO decision i s  des i red before t ransposi t ion and docking 
begins. ( ~ l t h o u g h  it may be possible t o  t rack  during transposit ion,  
tracking may be in te rmi t ten t  and it would be desi rable  t o  complete the  
tracking before t ransposi t ion begins. ) 

4 .  The Command Service Module omni-directional antenna present ly  
has a range l imi ta t ion  corresponding t o  approximately 52 mimites a f t e r  
in ject ion.  

It i s  an t ic ipa ted  t h a t  about 10 minutes of tracking w i l l  be re- 
quired f or  acceptable o rb i t  determination. Bi th  t h i s  assump b ~ o n  and 
considering 1 and 2 above, the  l a t e s t  time f o r  acquis i t ion a f t e r  in-  
jection i s  required t o  be 10 m i ~ u t e s ,  The time l i n e  f o r  t h i s  f i r s t  
hour a f t e r  in jec t ion  i s  shown below. 



GO-NO GO 

Maximum 
Duration Maximum Allowance f o r  Trans- 
Ref ore posi t ion and Docking 

minutes minutes minutes 

The tracking accuracy requirements a r e  determined by the  length of 
smoothing time avai lable  and the  data r a t e s  possible.  Shown i n  f igure  19 
of appendix B a r e  t he  smoothing times required f o r  various data r a t e s  t o  
obtain a given accuracy. A veloci ty  accuracy of 1 t o  2 f e e t  pe r  second 
(one sigma) i s  necessary a t  in ject ion.  

Although it i s  desirable t o  obtain tracking and make the  GO-NO GO 
decision a s  soon as possible a f t e r  in ject ion,  it i s  believed a t  t h i s  
time t h a t  t he  G&NO GO decision may be acceptable a s  l a t e  a s  20 minutes 
a f t e r  in jec t ion .  This i s  based on the  following considerations: 

1. The spacecraft  i s  already above o r b i t a l  speed; therefore,  no 
decaying reentry  time - c r i t i c a l  abor ts  axe probable. 

2. The times required t.o re tu rn  t o  a recovery s i t e ,  i f  an abort  
1 
I 

occurs a f t e r  in ject ion,  a r e  long i n  any case and vary from about -hou r  
t o  50 hours. 

2 

For t h i s  study, the  in jec t ion  a l t i t u d e  w a s  assumed t o  be 650,000 f e e t .  
I n  ac tua l  operations, the  in jec t ion  a l t i t u d e  could vary from 650,000 t o  
9OO,OOO f e e t .  The low value was se lec ted  f o r  t h i s  study t o  assure t h a t  
the  r e su l t s  obtained were conservative. 

Figure 6 ( a )  shows the  extreme values of lunar  declination f o r  dates 
from 1968 through 1970. The t o t a l  in jec t ion  a rea  a.vailable i n  1970 within 
launch azimuth range sa fe ty  l i m i t s  f o r  lunar  declinations of 28.5" t o  
-28.3" a r e  shown i n  f igure  6 (b)  f o r  the  f i r s t  three  o rb i t s .  

The a l t i t u d e  of the  vehicle i s  shown i n  f igure  7 a s  a function of 
time from in jec t ion .  Also i n  f igure  7 i s  the  s l a n t  range of the  vehicle 
a t  5" elevat ion a s  a f'unction of time from in jec t ion .  

Figure 8 sho~\rs acquis i t ion tirnes a f t e r  in jec t ion  f o r  t ab l e  I s ta -  
t i ons  a s  a function of launch azimuth. DSIF s t a t i ons  a r e  always shown 
when tracking the  vehicle. Some non-DSIF s t a t i ons  a r e  not shown i n  t h i s  
f igure  when they d id  t rack  because others acquired e a r l i e r  and. l o s t  t he  
vehicle l a t e r .  



8 7 FLm.~e 9 :;how.i: z-ie t racking tihle i n t e r v a l s  f o r  launch azimuths with- 
i n  range s a f e t y  l i rn i t s  f o r  each acqaisi t i .cn b y  sta.trions i n  fihwre 8. 
Also shosin are tra,cking t h e  i n t e r v a l s  f o r  72.6" and 107.1c0 launch 
a.zimmxth. 

Figj-re 10 shows the ~ a ~ r i i e s t  a e q u i s i t t o n  time and the t a b l e  I sts- 
t i o n  t h a t  acquires .the vehic le  e a r l i e s t  r,?r"ter t r ans lunar  i n j e c t i o n  as 
a funct ion of launch a,ziniuth. I n  t a b l e  If it can be seen t h a t  a l l  
At lan t i c  i n j e c t i o n s  range s e f e t y  l i . m i t s  a r e  ecguired by 1 0  minutes 
i f  t a b l e  I s t a t i o n s  a,re used. Bowever, on1.y 86.7 percent  of P a c i f i c  in- 
jec t ions  a r e  acyuixed 'c;y 1 0  lnii~utes using -ta.ble 3: s t a t i o n s .  Table I1 
shows the  frequency axid rel.ati:re e m ~ u l a t i v e  frequency ( r e f )  d i s t r i b u t i o n s  
of e a r l i e s t  axqu i s i t ion  tirnes a f t e r  i n j e c t i o n  of 150 t r ans lunar  t r a j e c -  
t o r i e s  withiii  racge s a f e t y  l i m i t s  tha:t were considered i n  t h i s  study. 
Table III i s  an expansion of t a b l e  TI and shows the  same information as 
functions of launch azimintli, l unar  declri.na.tion, a d .  ea,rth parking o r b i t .  

Figures l l ( a )  t o  l l ( n 1 )  shov how e a r l i e s t  a.cquisition time of 
f igure  1 0  i s  effecte,ii by l o s s  of' South A.fri.can s-La-tioils and by re-  
placing the  South African s t a t i o n s  with a sta:t ion  a t  bIada,gas car  
(23'10' S. la , t i tude,  4 6 " ~ '  3. %oixi.tu.de) Figures l l ( n )  t o  l l ( v )  show 
how e a r l i e s t  acqu i s i t ion  time of f i g u r e  1 0  i s  affected.. by t h e  addi t ion  
of Gum ( 1 3 O  35' N .  l a t i t u d e ,  ~ 4 . 4 ~ 5 5 '  E, l o ~ ~ i - t ~ i - d e )  , In ta.ble 11; -the 
frequency and r e f  d i s . t ~ i b u t i o n s  of acqu l s i t i cn  times a f t e r  i n j e c t i o n  
a r e  shown f o r  these  cases.  From t a b l e  I1 it ca,n be seen t h a t  for 
At lan t i c  in jec t ions ,  t;he Madagascar s i t e  -crould be an effect i .ve subs t i -  
t u t e  i f  t h e  Soiltlz African s t a t i o n s  a re  not opera t ional  and by adding 
a t racking s t a t i o n  at o r  near GuLm t o  $he t a b l e  I s ta t ions ,  t h e  per- 
centage of acqu i s i t ion  f o r  1 0  minutes a f t e r  i n j e c t i o n  would be 100 per- 
cent a s  compared. t o  86.7 percent with tlie ta.ble I s t a t i o n s .  

Figures l 2 ( a )  t o  l 2 ( i )  show t h e  l o s s  of l a ~ ~ n c h  %~indow consideriiig 
t a b l e  I s t a t i o n s  alone, t a b l e  I s tahions  without South African s t a t i o n s ,  
and t a b l e  I s t a t i o n s  with Sou-th African sta-Lions replaced by Madagascar. 
Figures ~ 2 ( j )  t o  12(0)  show the l.oss of launch wrindow considering t a b l e  1 
s ta t ions ,  and t a b l e  I s t a t i o n s  with the  add i t ion  of G~tam. 

Frigu-res 13(a,) -LO 1 3 ( i )  show t h e  launch time ax~a i l ab le  considering 
t a b l e  I statiolzs, t a b l e  1 s t a t i o n s  without S m t h  APrican sta,tions, and 
t a b l e  I s t a t i o n s  wi:th South African s t a t i o n s  :repl.a,ced by Madagascar. 
Figures 1.3 ( j )  .to l 3  (0) s h ~ w  the  launch time a,vail.able considering t a b l e  I 
s ta t ions ,  aria ta32.e I s-tat ions with tlle add.it-i.on of Gu-am. 

I n  f ignres  12 and lj, the  e f f e c t  of the  Sc;uth African s t a t i o n s  a.re 
depicted. It i s  ob~rious t h a t  ser ious  l o s s  of th.e l ~ u n c h  windo~i aad 
availa,ble launch time 1~07.ld 0ccu.1: stiithout a :;tatioil Ln "' ~ a e  v i c i n i t y  of 
South .Africa.; A-lso the l o s s  i n  Zc2uncj; laindow ecd I-,~,.nch time f o r  the  
h c i f  i c  i l l  jeizti.ons -i;~.jui.;i e f f e c t i v e l y  clii:ilffia,ic<r 1;;:~ plactng a s t a t i o n  
a t  Gu.c21l Tslznd, 



Figure 1 4  shows t r a , n s s l i r  t r a  jec toxy grou-nd t racks  from i n j e c t i o n  
t o  four  hours a f t e r  in jec t ion .  Table I s t a t i o n s  t racking t h e  vehic le  
a se  shown a t  t h e i r  times of a c q u i s i t i o n  and f i n a l  contact .  

Figure 15 ( a )  shows t h e  percentage of 159 translu.nar t r a j e c t o r i e s  
acquired and tracked by radar, p l o t t e d  as a function of t h e  number of 
r adar  t racking ships used i n  add i t ion  t o  t a b l e  I s t a t i o n s .  These 
l 5 O  t r a j e c t o r i e s  a r e  f o r  combinations of t h e  following: launch azimuths 
of 72.6O, 74.8", go0, 102.709 and 1 0 7 . 4 ~ ;  lunar  decl inat ions  of 27.5O, 
1 5 O ,  oO, - l 5 O ,  and -27.7'; th ree  e a r t h  parking or'oits and t h e  A t l a n t i c  
and Pac i f i c  i n j e c t i o n  areas .  

From exami-natrion of f i g u r e  l ? ( a ) ,  it i s  determined t h a t  acquisi . t ion 
?s obtained wlthin LO minutes a f t e r  i n j e c t i o n  92 percent  of the  t i m e  
~i~it2lou.t tra,cking ships.  This percentage reduces t o  65 percent  and 18 per- 
cent  f o r  acqu i s i t ion  wi th in  5 minutes a f t e r  i n j e c t i o n  and a t  0 minutes 
( i n j e c t i o n ) ,  respect ively .  

I n  f i g u r e  ]-?(a) IL m y  be noted t h a t  t h e  addi t ion  of t h r e e  t racking 
ships  increases  t h e  i n j e c t i o n  caverage t o  100 percent  f o r  t h e  1 0  minute 

, I ;  E-it,i i?1 t h e  and t o  86 percent  and 30 percent  f o r  the  5 minute and 
0 minute (i.njecJ~i.on) a c q u i s i t i o n  times from in jec t ion .  It would t ake  
approximately seven ships t o  obta in  100 percent  coverage f o r  axqu i s i t ion  
3 minl~tes a f t e r  in jec t ion .  To obta in  100 percent  coverage fo,r acquis i -  
t i o n  a t  in jec t ion,  over 30 ships  would be needed. The curve shown i n  
f i a r e  l3(a)  l a b e l l e d  "-6 minutes" represents  t racking beginning a t  t h e  
i n i t i a t i o n  of i n j e c t i o n  powered f l i g h t  and l a s t i n g  f o r  3 minutes. Since 
t h e  powered f l i g h t  phase lasts i n  the order of 6 minutes, t h i s  t raxking 
does not  cover the  e n t i r e  powered f l i g h t  phase. I f  t racking were re- 
quired during the  e n t i r e  powered f l i g h t  phase and 3 minutes t l ~ e r e a f t e r ,  
t h e  number of ships  required wou3.d be increased by an order of magnitude. 

Figure l 5 ( b )  shows t h e  percentage of telemetry/voice coverage f o r  
t h e  same 150 t r a j e c t o r i e s  used i n  f igure  l 5 ( a )  a s  a function of ships  
used i n  addi t ion  t o  land based s t a t i o n s .  Four l and  based s t a t i o n s  were 
considered i n  addi t ion  t o  t a b l e  I s t a t i o n s .  l%ey a re :  Kano, Nigeria; 
Zanzibar, Tanganyika; Guaymas, Mexico; and Canton Island,  Phoenix Is lands .  
The acqu i s i t ion  requirements f o r  telemetry/\roice a r e  t h a t  the  e leva t ion  
angle must exceed 0°, and 1 .5  minutes of t racking a r e  necessary. 

I n  f igure  l 5 ( b )  and t a b l e  V it can be seen t h a t  without t racking 
ships,  acqu i s i t ion  i s  obtained i n  96 percent,  79 percent,  and 47 percent  
of the  t rans lunar  j.-nJections f o r  1.0 minutes, 5 minutes and 0 minutes, 
respect ively ,  The addi t ion  of two t rack icg  ships would extend t h e  
coverage t o  a.lmost 100 percent  f o r  the  10 minute and 5 minute cases 
and t o  63 percent  f o r  acqu i s i t ion  a t  in jec t ion .  It i s  est imated t h a t  
il t racking ships  'i.ioi?ld be necessary t o  obtain complete coverage a.t 
t r ans iunar  i i ~ j e c t i o n  f o r  a l l  i n j e c t i o n  oppor tuni t ies ,  



For t h i s  study consideration was given t o  the  mobil i ty of the  
tracking ships and t o  the  locations of the  various land masses. It 
was assumed tha t  ships could be moved approximately 250 miles per  day 
and. t h a t  the  i n j ec t i on  would occur i n  any of the  f i r s t  tkree  o rb i t s  = 

It was a l s o  assumed t h a t  the  launch could occur a t  any time during t he  
da i ly  launch window. 

Figure 16 shows the  t ransear th  t r a j ec to ry  ground t racks  f o r  4 hours 
before reen t ry  t o  reentry.  Table :C D S I F  s t a t i ons  a r e  always sho~m when 
tracking the  vehicle; other t ab le  I s t a t i ons  a r e  shown only i f  they 
t rack  the  vehicle nearer t o  the  reentry  point  than any D S I F  s t a t ion .  
This reen t ry  point  i s  assumed t o  be 66 nau t ica l  miles above t he  ea r th ' s  
surface.  

Reentry.- Reentry tracking could be used t o  update the  knowledge 
of pos i t ion  and ve loc i ty  during t he  Apollo reentry  f o r  the  following 
purposes : 

1. I n  near nominal conditions, it may enable t he  crew t o  reduce 
t he  eventual impact e r r o r  re levant  t o  t h e  intended landing posi t ion.  

2. I n  some abnormal conditions, t racking during reentry  may pro- 
vide a gross indicat ion of overshoot o r  undershoot conditions (stemming, 
f o r  example, from undetected systematic e r ro rs  i n  the  onboard sensors) .  
I n  the  overshoot conditions, t he  crew w i l l  implement con t ro lvhen  there  
is  s u f f i c i e n t  dynamic pressure t o  obtain s ign i f ican t  aerodynamic control  
forces.  Effectively, t h i s  i s  obtained by ro l l i ng  the  Command Module. 

It would be desi rable  t o  obtain about 3 minutes of tracking i n  the  
o r b i t a l  o r  near o r b i t a l  veloci ty  phase of the  reentry  and f o r  reentry  
ranges which w i l l  vary during the  month from 1,200 t o  5,000 nau t ica l  
miles. The maximwn reentry  range for1 the  Apollo mission w i l l  not be 
more than 7,000 nau t ica l  miles. The minimum reentry  range is never 
l e s s  than 1,200 nau t ica l  miles. 

I n  addition, i n  the  operational  phases of the  Apollo mission no 
attempt w i l l  be made t o  introduce d i r ec t  ground control; however, the  
ground could be used f o r  advice and updating of the  onboa,rd system. 

I n  order t o  assess  the  tracking coverage avai lable  f o r  various 
reentry  ranges given a s ing le  tracking location,  a study was performed 
by placing ships along the  reentry  ground t rack  a t  various locations 
and determining the  associated acquis i t ion  an& line-of-sight  times. I n  
t h i s  manner, the  optimum single-ship locat ion was determined a s  a func- 
t i on  of the  i n i t i a l  reentry  range. Figure 17 i l l u s t r a t e s  t he  loca t ion  
of a l l  possible reentry  points f o r  a re tu rn  t o  the  two water and two land 
recovery s i t e s .  The locat ion of the  reentry  point  f o r  a spec i f ic  mission 



d-epenr? upon the lunzr declination,  reentry  t r a j ec to ry  inc l ina t ion  t o  
.the equator ia l  plane, and reentry  range. 

I n  orcier t o  establish.  the  most advantageous posi t ion f o r  a tracking 
ship, a study was performed which considered t he  various t radeof fs  a s  a 
function of tracking acquis i t ion  and t o t a l  t racking time. There a r e  
th ree  important considerations in determining the  eventual pos i t ion  of 
a tracking sh ip  r e l a t i v e  t o  the  reentry  point ,  F i r s t ,  the  ship  locat ion 
must provide coverage during the  pull-up and skip-out phases i n  order t o  
allow an ea r ly  evaluation of the  guidance system's performance during 
t h i s  c r i t i c a l  period. I f  a malfunction has occurred, t h i s  i s  the  time 
t o  e s t ab l i sh  the  f a c t  inasrnuch as the  reentry  vehicle possesses a high 
maneuverability p o t e n t i a l  during t h i s  period and i t s  eventual second- 
en t ry  posi t ion can s t i l l  be determined with r e l a t i v e  ease. Secondly, 
the  ship locat ion should be posit ioned so  as t o  provide t he  maximum 
probabi l i ty  of acqu is i t ion  even with a gross malflxnctioning of t h e  
guidance and navigation systems. Finally,  the sh ip ' s  loca t ion  must be 
consistent  with the  t racking blackout l imi ta t ions .  A l l  of these  re- 
quirements a r e  met i f  the  tracking ship  can be positioned along t he  re- 
entry  ground t rack  so  t h a t  the  comnand module e s sen t i a l l y  en te rs  t he  
tracking cone jus t  as it leaves the  blackout region t h a t  occurs during 
the  i n i t i a l  reentry  and pull-up phases. Since t he  veh ic le ' s  exact posi- 
t i o n  i n  the reentry  corr idor  i s  not known u n t i l  the  f i n a l  midcourse 
correction, and s ince  t he  t r a j ec to ry  p r o f i l e  i s  governed i n  the  main by 
the  corr idor  pos i t ion  ( f ~ i ~ h t - ~ a t h  angle), it was necessary t o  consider 
the  influence exercised by reen t r ies  throughout the  corridor.  

The tracking field-of-view was assumed t o  include e levat ion angles 
of 5' or  more. &it from the  blackout region was a r b i t r a r i l y  assumed 
t o  occur when the  reen t ry  vehicl .efs ve loc i ty  reduced below o r b i t a l  
veloci ty  or when -the a l t i t u d e  increased above 300,000 fee t ,  whichever 
occurred f i r s t .  The tracking data, presented a r e  based upon entry  t r a -  
jec tor ies  generated employing a d i g i t a l  sirnulation of the  MIT reentry  
guidance, and a r e  therefore representa t ive  of t yp i ca l  Apollo reentry  
p ro f i l e s .  The reentry  t ra<jector ies  were based on a CM reentry  weight 
of 9,500 l b s .  and a ~naxim~m L/D of 0.50. 

Figures 18(a)  t o  18(c)  present tracking time a s  a function of ship  
locat ion f o r  f l ight-path  angles r ep re sen t iw  the  middle and both ex- 
tremes of the  reentry  corr idor  a s  wel l  as  f i v e  values of reentry  range. 
The tracking ship loca t ion  f o r  acqu is i t ion  a t  c i r cu l a r  o r b i t a l  veloci ty  
and a t  an a l t i t u d e  of 300,000 f e e t  i s  a l s o  indicated on each f igare .  
These fi-gures fieinonstrate t h a t  moving a tracking sh ip  downrange from 
the locat ion normally required t o  acquire a t  ve loc i t i es  below c i r cu l a r  
o r b i t a l  veloci ty  r e s u l t s  i n  only small increases i n  the t o t a l  t racking 
time . 



note tha t ,  on the average, 3 minutes of tracking i s  avai lable  from 
the  u t i l i z a t i o n  of one sh ip  alone. If it i s  assumed t h a t  tracking a s  
soon a f t e r  blackout as  possible i s  most advantageous from the  standpoint  
of e a r ly  t r a j ec to ry  confirmation and, therefore,  a g rea te r  maneuvering 
capab i l i ty  t o  cor rec t  any acquired errors ,  then the  ship locat ion c lo se s t  
t o  t h i s  point  i s  most optimum. 

Before t he  f i r s t  lunar  landing mission, it w i l l  be known whether 
the  prime landing areas  s h a l l  be on water or  land. I n  e i t h e r  case t o  
comply with mission f l e x i b i l i t y ,  performance, and reentry  range con- 
s t r a i n t s ,  it w i l l  be necessary t o  have two prime areas, one i n  t h e  
Northern Hemisphere and one i n  the  Southern Hemisphere. Because of t h e  
distance between these two areas, it i s  believed t h a t  two tracking ships 
would be necessary t o  t rack  reen t r ies  i n  both the  morthern and Southern 
Hemispheres . 

It appears t h a t  a tracking s t a t i o n  would be a des i rable  operat ional  
a i d  t o  update the  onboard knowledge of posi t ion and ve loc i ty  and i n  some 
l e s s  nominal cases it may provide the  means f o r  crew survival  i n  t h a t  it 
would provide a c lose  indicat ion of c r i t i c a l  overshoot o r  undershoot 
conditions. 



This paper has presented data which may be used a s  an a i d  f o r  eval- 
uating ex i s t ing  tracking s i t e s ,  proposed Apollo tracking s i t e s ,  and pro- 
posed ship u t i l i z a t i o n  f o r  the  support of the  Apollo mission. The study 
indicates  t h a t  i n  some phases of the  Apollo mission, tracking ships a r e  
a highly desi rable  operational  a id .  

For inse r t ion  tracking, one tracking ship  i s  required i n  combina- 
t i o n  with ex i s t ing  land tracking s t a t i ons  f o r  tracking inse r t ion  i n t o  
t he  parking o r b i t  throughout the  da i ly  launch window. 

For the  parking o rb i t  phase of the  mission, the  assumed network 
appears a t  t h i s  time t o  be adequate; however, i n  some cases a r e l a t i v e l y  
long delay may be encountered between t h e  l a s t  t racking s t a t i o n  and t he  
beginning of in jec t ion  powered f l i g h t .  

For t he  in jec t ion  phase of the  mission, it was found t h a t  a s t a t i o n  
o r  ship i n  v i c in i t y  of South Africa i s  e s s e n t i a l  f o r  adequate tracking 
coverage from the  At lant ic .  I n  addition, a s t a t i o n  i n  the v i c i n i t y  of 
G~tam Is land would be valuable f o r  many Pacif ic  in jec t ions  and would as- 
s i s t  i n  coverage during the  parking o rb i t  phase of the  mission. 

The following r e su l t s  a r e  of s i gn i f i c an t  importance: 

1. For acquis i t ion of the  spacecraft  10 minutes a f t e r  in ject ion,  
it was determined that tracking ships would not be necessary over 90 per- 
cent of t h e  time. With the  absence of a South African s ta t ion ,  the  per- 
centage drops t o  76 percent -with no ships considered. I f  a s t a t i o n  a t  
Guam i s  added t o  tine o r ig ina l  s ta t ions ,  t ab l e  I tracking ships would 
add l i t t l e  t o  the  overa l l  coverage percentage. 

2. For acquis i t ion within 5 minutes a f t e r  injection,  th ree  tracking 
ships would be needed t o  acquire the  spacecraft  over 90 percent of t he  
time. 

3 .  The number of ships needed t o  acquire the  spacecraft  a t  in jec-  
t i o n  f o r  the  same percentage coverage would be near 25. 

4. For the  reentry  phase of the  mission, it has been t en t a t i ve ly  
determined t h a t  one ship s t r a t eg i ca l l y  located i n  the  Pacif ic  can be 
used f o r  e s sen t i a l l y  a l l  reentry  ranges once the  proper hemisphere i s  
specif ied.  Since a Northern Hemisphere and a Southern Hemisphere landing 
s i t e  must be used during d i f f e r en t  times of the month, two tracking ships 
would be needed. It may be operationally feas ib le  t o  re locate  the  pro- 
posed Pacif ic  jn ject ion ship a,nd use it a s  one of the  reentry ships.  
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APOLLO MISSION ANA6YSIS SUMMARY - NOMIEAL MISSION 

!I'RAJECTORY PHASES OF THE APOLLO LUNm LANDING MISSION 

Earth Launch Phase 

Range s a f e t y  l i m i t s  on launch azimuths.- 

Operational launch az i~nuth  l i m i t s :  

I l luminat ion  cons t ra in t s  .- 
Orbit i n s e r t i o n  t r ack ing  requirements.- 

Parking Orbit Phase 

Al t i tude  and shape.- 

Duration of coas t .  - 
Nominal parking o r b i t  f o r  t r ans lunar  in jec t ion :  

U t i l i z a t i o n  of only one d a i l y  launch window.- 

Translunar Phase 

Free r e t u r n  considerat ions .- 
Translunar i n j e c t i o n  t r ack ing  requirements .- 
Transposi t ion i n i t i a t i o n .  - 

Radiation b e l t  : 

S-IVB a t t i t u d e  cont ro l  cons t ra in t :  

bep lanned  midcourse correc t ion  f o r  pericynthion l a t i t u d e  adjustment. - 

Lunar Parking Orbit Phase 

Orbit elemcn ts and l i w i t s .  - 

Parking . - 



. - 
Selection of lunar landing s i t e . -  

Lunar environmental constra ints  (illumination, temperature): 

Landing s i t e  selenography: 

Transfer Phase 

LEM only vs en t i r e  spacecraft .-  

Type (~ohmann, Equi-period, e t  cetera)  .- 
Operational considerations ( fue l ,  abort philosophy, communications, 
and f l e x i b i l i t y )  : 

Powered Descent Phase 

Posit ion for  i n i t i a t i n g  t h rus t  ( r e l a t i v e  t o  pericynthion).- 

Shaping of f l a r e  th rus t  program.- 

Operational considerations ( v i s i b i l i t y ,  s t a r t  of f l a r e  out, f i n a l  
a t t i tude ,  radar, abort, and crew tasks  compatibility) : 

Hover and t rans la t ion  phase.- 

Hover time extremes: 

Translational range l imi t s :  

Lunar Launch Phase 

Desired s tay time.- 

Launch window. - 
Desired out-of-plane l i m i t :  

Phase re la t ionship between LZM and CSM: 



A s  cent Transfer  Phase 

Transfer  need. - 

Type and durat ion:  

Rendezvous shaping considerat ions ( f u e l  optimization vs opera t ional  
cons t ra in t s )  .- 
Docking phase .- 

Transearth Parking Orbit 

Minimum number of parking o r b i t s  required.- 

Proper o r b i t  se lec t ion  f o r  t r a n s e a r t h  in jec t ion. -  

Control of r e t u r n  inc l ina t ion :  

LEN disposi t ion . -  

Transearth Phase 

Maximum t r a n s f e r  time and/or total .  mission time.- 

SM separa t ion and disposi t ion . -  

Time of separat ion:  

Irr~pact points  : 

Entry aiming conditions .- 
Entry Phase 

Range requirements . - 
Landing s i t e  . - 

Location: 

Number : 

Entry t racking shaping .- 
Tracking and communication: 

Entry "g" p r o f i l e :  



%ar%h Launch E)ha.se 

Range s a f e ty  limits on launch azimuths s h a l l  be 72" - 1.08'. This 
r e su l t s  i n  a launch window of over 4 hours, 

Operational launch azimuth Limits s h a l l  have a dif ference of 
26" ( f o r  example, 72' - 9 8 O ,  '77" - 1.03Q9 82' - 108"). This r e su l t s  i n  

I a launch window of a t  l e a s t  22 hours. ('This i s  based on t h e  require- 

ments f o r  i n se r t i on  tracking using one ship.  With t h i s  launch window 
a t  l e a s t  3 minutes of tracking i s  obtained a f t e r  inser t ion. )  

Tentatively, the  i .n i t ia1  launch azimuth of t h e  26" var i -  
a t ion  s h a l l  be t he  azimuth fo r  overa l l  optimum performance. (Further 
consideration s h a l l  be given t o  the  d e s i r a b i l i t y  of the  i n i t i a l  launch 
azimuth being t h a t  which occurs s l i g h t l y  before t h e  optimum value i s  
reached. ) 

Daylight launches a re  preferred f o r  a l l  missions and w i l l  probably 
be mandatory f o r  t h e  f i r s t  manned lunar mission. ('This r e s t r i c t i on ,  
which r e s u l t s  from launch abort  considerations, w i l l  eliminate one-third 
t o  one-half of t h e  month.) I f  a lunar  landing i n  ear th-ref lected l i g h t  
i s  required, t h e  constraint  of daylight launches w i l l  have t o  be re-  
considered since one-hdf of t he  month would be l o s t  f o r  landing i n  earth- 
re f lec ted  l i g h t .  The two r e s t r i c t i ons  could be addi t ive  i n  some cases 
such t h a t  most of t he  month might be unavailable .) 

Orbit i n se r t i on  tracking i s  coosidered a f irm requirement since 
a GO-NO GO decision i s  necessary a f t e r  inse r t ion  t o  determine i f  o rb i t  
was a t t a ined .  I n  t he  NO GO case, t h e  service module could be used t o  
obtain an acceptable o rb i t  f o r  an a l t e rna t e  mission or  f o r  an i m e d i a t e  
abor t .  

Parking Orbit Phase 

The present parking o rb i t  i s  a near circula,r o rb i t  a t  100 nau t ica l  
miles . 

Two in jec t ion  opportunit ies are desired per mission, and- i n j ec t i on  
s h a l l  occur a t  t he  e a r l i c s t  opportunity af't?r spacecraft systems have 



been checked out and the  o rb i t  determined. A t  t h e  present time t he  
S-IVB i s  l imi ted t o  three  o rb i t  duration (4.5 hour parking o r b i t ) .  

The nominal parking orb i t  f o r  t ranslunar  in jec t ion  s h a l l  be 
t he  e a r l i e s t  one consistent  with system checkout times. A t  t h i s  time 
o rb i t  number two s h a l l  be se lected a s  t he  nominal in jec t ion  o r b i t .  The 
spacecraft  system checkout time should be scheduled so  as t o  be com- 
ple ted within t h i s  time r e s t r i c t i on .  

Only one d a i l y  launch window s h a l l  be used. (This s h a l l  be t he  one 
associated with maximum mission f u e l  economy. I n  most cases t h i s  w i l l  
be t he  window associated with t h e  minimum translunar  t r a j e c t o r y  plane 
inc l ina t ion  t o  t he  earth-moon plane. I n  addition, a requirement f o r  a  
daylight  launch may eliminate the  use of t h e  second window.) 

Translunar Phase 

Free re tu rn  considerations.- For t he  first manned lunar  landing 
mission, it i s  des i rable  t h a t  t h e  nominal t r a j ec to ry  s h a l l  be of the  
f r e e  re tu rn  type i f  t h e  performance penal t ies  a re  acceptable. (A f r e e  
re tu rn  t r a j ec to ry  i s  defined a s  a  t r a j ec to ry  which would r e tu rn  s a f e ly  
-to ea r th  using t he  RCS propulsion system.) 

For f l i g h t s  a f t e r  t h e  f i r s t  manned lunar  landing f l i gh t ,  it may be 
possible and/or des i rable  t o  use other than f r e e  re tu rn  t r a j e c t o r i e s  
from t h e  standpoint of f u e l  u t i l i z a t i on .  

Translunar in jec t ion  tracking requirements.- Telemetry and voice 
communication are  des i red during t he  in jec t ion  th rus t ing .  Tracking i s  
required within 1 0  minutes a f t e r  in jec t ion .  A GO-NO GO decision is  
required before 20 minutes a f t e r  in jec t ion  and before L;F51 t r anspos i t ion  
and docking begins. Continuous tracking is required f o r  a t  l e a s t  10  min- 
utes  a f t e r  acquis i t ion.  

Transposition i n i t i a t i on . -  Transposition s h a l l  be i n i t i a t e d  and 
completed between 20 minutes (2,000 naut ical  miles a l t i t ude )  and 60 min- 
utes  (9,000 naut ical  miles a l t i t ude )  a f t e r  in jec t ion .  The following 
constra ints  were used i n  es tabl ishing these  times: 

1. S-ZVB venting - 1 hour of vent f r e e  f l i g h t  a f t e r  in jec t ion .  

2. Radiation - For t r a j ec to ry  calculations it s h a l l  be assumed 
t h a t  rad ia t ion  s h a l l  not be a  const ra int  u n t i l  f u r t he r  c l a r i f i c a t i o n  
of constra,ints i s  obtained. 

3. Orbit determination - Acquisition must be obtained not l a t e r  
than 10 minutes a f t e r  in jec t ion  and tracking s h a l l  be maintained f o r  t he  
l a s t  10 minutes. 



Capability f o r  th ree  axis  control of S-IVB or ien ta t ion  t h a t  i s  
commanded by t he  Command Module must be provided t o  meet U N  t rans-  
posi t ion and docking requirements. S-LKB a t t i t u d e  hold capabi l i ty  
once commanded should be 2 hours. 

Lunar Parking O r b i t  Phase 

Orbit elements and l i m i t s . -  The lunar  parking o r b i t  s h a l l  be a 
near c i r cu l a r  o rb i t  a t  an a l t i t u d e  of about 80 nau t ica l  miles. The 
lunar o rb i t  s h a l l  be se lected such t h a t  t he  wedge angle between t he  
CSM o r b i t a l  plane and t h e  LEM o r b i t a l  plane a f t e r  launch from t h e  lunar  
surface s h a l l  .be no more than 1 / 2 O  f o r  the  nominal mission. I n  ac tua l  
missions consideration s h a l l  be given t o  t he  optimization of f u e l  d is-  
t r i bu t i on  between t h e  LFM and CSM. These o r b i t a l  conditions satisf 'y 
t h e  following c r i t e r i a :  

1. Adequate communication time. 

2. Adequate phasing f o r  abort . 
3. Ascent, rendezvous, midcourse and aborts  simplif ied by c i r cu l a r  

o r b i t .  

Parking o rb i t  duration of e n t i r e  spacecraft .  - The nominal t r a j e c t o r y  
plan s h a l l  incorporate only one pass over the  landing point with t he  en- 
t i r e  spacecraft  a t  t he  CSM a l t i t u d e .  This i s  acceptable from the  stand- 
point o f :  

1. Fuel economy 

2. LEM checkout time 

3. Landing s i t e  observation 

.- Direct descent t o  
the  lunar  surface following a quarter  revolution i n  t he  equi-period 
o rb i t  i s  desired; however, navigation and guidance requirements may 
necess i ta te  one L;E=M parking o rb i t  f o r  eas tern  limb landing s i t e s .  

Selection of lunar landing s i t e . -  For t he  nominal t r a j ec to ry  plan- 
ning it s h a l l  be t en t a t i ve ly  assumed t h a t  t he  lunar landing s i t e  s h a l l  
be i n  d i r ec t  sunlight during t he  complete lunar  s tay  time. The 
se lec t ion  of t he  lunar  landing conditions i s  based on t he  following 
considerat ions : 



1. Lunar environment& constra ints  

a.  Illumination 

b . Temperature 

2. Landing s i t e  selenography 

3. GOSS communications 

4 .  Trajectory constra ints  

No constra ints  due t o  l igh t ing  or  heating have been imposed on 
systems design. For t he  nominal mission t ra jec tory ,  however, t h e  lunar  
landing s h a l l  be t en t a t i ve ly  planned f o r  d i r ec t  sunlight  s ince  it i s  
very doubtful at t h i s  time i f  ea r th  r e f l ec t ed  l i g h t  i s  adequate f o r  
lunar landing. 

The lunar landing s i t e s  have been se lected from an a rea  bounded by 
so l a t i t u d e  and longitude. The longitude l imi ta t ion  i s  based on 
adequate GOSS communications f o r  both t h e  CSM and t he  LE51. The l a t i t u d e  
l imi ta t ion  i s  consistent  with economic lunar o rb i t  inse r t ion  from f r e e  
re tu rn  t r a j e c t o r i e s  over t h e  launch window available i n  t he  month. The 
se lec t ion  of these  lunar landing areas  has been based predominantly on 
c r i t e r i a  furnished by t he  F l igh t  Operations Division of MSC f o r  purposes 
of operational  planning. Due t o  t h e  necessi ty f o r  se lec t ing  areas t o  
meet t h i s  c r i t e r i a ,  these  locat ions  a r e  not t o  be construed as recom- 
mended Apollo landing s i t e s  t o  meet engineering design and lunar  surface 
exploration requirements . 

Five landing areas were se lected a s  based on the  following 
c r i t e r i a :  

1. An equal landing f e a s i b i l i t y  within I224 operational  capab i l i ty  
anywhere within a foo tpr in t  a rea  approximated by a 20-mile diameter 
c i r c l e .  ( ~ t  t h i s  time, t h i s  c r i t e r i o n  r e s t r i c t s  an acceptable area  t o  
t h e  large,  ra ther  barren Mare region although the  probabi l i ty  ex i s t s  
t h a t  when more and be t t e r  data  of t he  lunar  surface becomes available,  
acceptable 20-mile diameter areas may possibly be found on t h e  highland 
or pre-mare t e r r a i n  regions .) This requirement a l so  v i r t u a l l y  prohibi ts  
t h e  se lec t ion  of s i t e s  located near good lunar landmarks or with good 
landmarks along the  approach t r a j ec to ry .  I f  t h i s  requirement were 
relaxed, b e t t e r  s i t e s  t h a t  do not l i e  i n  t he  center of Mare areas  could 
be chosen. 

2. Operational r e s t r a in t s  l i m i t  t h e  area under consideration t o  a 
zone covering t h e  area from +'JO l a t i t u d e  and & 4 5 O  longitude. 



3.  To provide a maximum f l e x i b i l i t y  i n  launch dates, the  f i v e  
areas selected were t o  be dispersed throughout t h i s  zone t o  give m a x i -  
mum longitudinal  spread. 

The application of t h e  above c r i t e r i a  was influenced by the  
following : 

1. The r e l a t i v e  importance of various processes which have shaped 
the  lunar  surface i s  s t i l l  a matter of controversy among the  s c i e n t i f i c  
c o m n i t y .  However, both the  proponents of volcanic o r ig in  and of 
impact origin,  (with t he  exception of T.  old), agree t h a t  t he  maria 
are  covered by extrusive igneous rocks. Both volcanic and impact 
theor ies  agree t h a t  t he  maria w i l l  be r e l a t i v e l y  smooth a t  l e a s t  when 
compared t o  t he  upland area.  

2. The surface d e t a i l  which i s  prerequis i te  t o  t he  landing maneu- 
ver i s  not d i r e c t l y  observable a t  t h i s  time. The smallest objects on 
t he  lunar surface which can be seen v i sua l ly  a t  t he  telescope have 
diameters of about 0.2 mile. Low angle illumination makes possible t he  
observation of objects as l i t t l e  as  t e n  f e e t  high but only i f  the  object  
i s  oriented so as t o  cas t  a shadow long enough and wide enough t o  be 
resolved. 

The landing areas selected are:  

Within the  current s t a t e  of knowledge of lunar surface topography 
and composition, a l l  of t he  proposed landing areas a re  assumed t o  have 
s imilar  charac te r i s t i cs .  

Transfer Phase 

The LE51 s h a l l  descent t o  50,000 f ee t  a l t i t u d e  i n  an equal period 
(synchronous) o rb i t  which i s  coplaner with the  CSM orb i t .  This type of 
t ransfer ,  although somewhat expensive i n  fue l  fo r  a nominal mission, 
i s  preferred because (I) t rans fe r  time t o  pericynthion i s  short,  (2)  
LEN-CSM i s  always within l i n e  of s ight  of LEN, and (3) phasing i s  favor- 
able f o r  LEN aborts t o  CSM. 



The t r ans f e r  s h a l l  be i n i t i a t e d  a t  a point i n  the  o rb i t  such t h a t  
t he  i n i t i a l  powered descent s h a l l  s t a r t  a t  pericynthion of t h e  equal 
period o r b i t .  

Powered Descent Phase 

.- The 
powered descent i s  i n i t i a t e d  a t  pericynthion. 

Shaping of f l a r e  t h ru s t  program.- Descent path must have proper 
shape t o  allow v i sua l  t a rge t  acquis i t ion a s  soon a s  possible while s t i l l  
allowing a l t i t u d e  radar  t o  become operational  ea r ly .  

CSM must be i n  l i n e  of s igh t  of LEM. 

Hover and t r ans l a t i on  phase.- 

Hover time extremes: 

Touchdown should be made i n  2 minutes. 

Translat ional  range l i m i t s  : 

Translat ional  range s h a l l  be not l e s s  than 1 mile.  

Lunar Launch Phase 

Stay time.- Maximum s t a y  time fo r  t he  i n i t i a l  lunar missions i s  
24 hours on lunar surf  ace . 

1 O 

Launch.- Landing s i t e  s h a l l  never be more than out-of-plane of 
CSM o r b i t .  

Launch-at-any-time capab i l i ty  must be provided. 

Boost.- Burnout heading angle s h a l l  r e s u l t  i n  plane change l e s s  
1" 

than . 
Ascent t r a j ec to ry  should be designed t o  be compatible with backup 

guidance. 

Plane change maneuvers should be performed at in tercept  with t h e  
CSM i n  order t o  provide a launch window without excessive LEM guidance 
coniplexity . 



Ascent Transfer  Phase 

CS1.I i n t e r c e p t  should t ake  place wi th in  a c e n t r a l  angle range 
140 5 $j 220; 

Transearth Lunar Parking Orbit 

The ininimwn number of luna r  parking o r b i t s  a f t e r  LEN docking i s  
one il? order t o  properly determine t h e  o r b i t  arid t o  checkout t h e  onboard 
systems p r i o r  t o  committing t o  t r a n s e a r t h  in jec t ion .  The maximum num- 
be r  of l u n a r  o r b i t s  s h a l l  be based on opera t ional  considerat ions such 
as con t ro l l ing  t h e  r e t u r n  ground t r a c k  t o  t h e  landing s i t e  ( i n c l i n a t i o n )  
wi th  a s  l i t t l e  f u e l  penalty a s  poss ib le  commensurate with crew and sys- 
tems endurance and r e l i a - b i l i t y  . 

LEM. --- dispos i t ion . -  A t  t h i s  time it i s  bel ieved t h a t  t h e  U M  may be 
l e f t  i n  o r b i t  about t h e  moon. 

Transearth Phase 

Service Module separa t ion  and d i spos i t ion . -  The Service Module must 
be separated before r een t ry  i n  such a way thxF  t h e r e  i s  not a recontac t  
problem between t h e  Service Module and Command Module and t h e  impact 
point  of t h e  Service Module i s  not i n  a highly populated a r e a .  

Entry Phase 

TGio primary landing loca t ions  a r e  necessary; one i n  t h e  Northern 
Hemisphere rznd one i n  t h e  Southern Hemisphere a t  approximately t h e  same 
l a t i t u d e .  It may be des i rab le  t o  have more t o  insure  acceptable weather 
i n  t h e  recovery a rea .  I n  general ,  r e e n t r y  ranges should be r e s t r a i n e d  
t o  wi th in  1,200 and 5?000 nau t i ca l  miles i n  order t o  be s a f e l y  wi th in  
undershoot cont ro l  and maximun heat  boundaries. Also ground t r a c k  in-  
cl ina, t ions should be l e s s  than 40' i n  order  t h a t  unplanned landings a r e  
constrained t o  t h e  warmer l a t i t u d e s .  One hundred percent of t h e  month 
a~ra , i labi l i ty-  f o r  landing, consideri-ng 'no-Lh Northern and Southern Hemis- 1 

phere terminals  avai lable ,  i s  an important goal  f o r  primary landing 
s i t e  s e l e c t i o n s .  Texas and Aus t ra l i a  a r e  t h e  current  sites f o r  land 
landings i n  t h a t  u t i l i z j -ng  i.nclina.tions between 35' and 40' landings are 
poss ib le  throughout t h e  month. These land landing s i t e s  have assoc ia ted  
opera t ional  d i f f i c u l t i e s :  

1, High p robab i l i ty  of Service Module impact on a highly populated 
a r e a .  

2 .  Reversion t o  backup reen t ry  guidance, incurs t h e  danger of 
l ack  of' t e r r a i n  avoidance associa ted  with zero cont ro l  range capab i l i ty .  



It a p p a r s  t h a t  water landings near Hawaii ( ~ o r t h e r n  Hemisphere) 
and near t h e  Samoa Is lands  (southern ~ e m i s ~ h e r e )  a re  good choices f o r  
water landings.  

I n  any case, it is  des i rab le  t h a t  t h e  r e t u r n  t r a j e c t o r y  be con- 
t r o l l e d  s o  as t o  pass near planned t racking s i t e s  - i n  c e r t a i n  cases, 
e f f i c i e n t  u t i l i z a t i o n  of a  s h i p  must be considered - and along a  pre- 
planned ground t r a c k  f o r  e f f i c i e n t  recovery operat ions.  



EFFECT OF W A R  ACCURACY, SMOOTHING TIME, AND SAMPLING 
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APPENDIX B 

EFFECT OF RADAR ACCURACY, SMOOTHING T m ,  AND SAMPLING 

RATE I N  THE DETERMINATION OF VELOCITY ACCURACY 

In  f igure  19 are  shown the  smoothing times required f o r  various 
da ta  ra tes  t o  obtain a given accuracy. This f igure  i s  based on t h e  de- 
termination of t he  veloci ty  from radar posit ion measurements by f i t t i n g  
t he  best  parabola t o  theGda%a by the  method of moments. The f i gu re  i s  
based upon a parameter ( 16) (4/'v) which indicates the  r e l a t i ve  accuracy 
of t he  tracking system used t o  t h a t  of a good ground based FPS-16 system 
( f o r  example, the  Mercury Bermuda s t a t i o n ) .  For example, i f  an accuracy 
of one foot per second (one sigma) were required and a radar system f ive  
times a s  poor a s  a ground based FPS-16 system were used, a da ta  r a t e  of 
one sample every 2 seconds would have t o  be used t o  achieve t h e  desired 
accuracy within 10  minutes. 

This f igure  i s  presented i n  order t o  make rough estimates of t h e  
e f f ec t  of sampling r a t e  and smoothing time. I n  order t o  obtain quanti- 
t a t i v e  estimates f o r  use i n  se lect ing equipment the  actual. shor t  a r c  
methods t o  be used should be evaluated. 
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RADAR CONI'OUR COVERAGE MAPS 

In f igure  20 radar contour coverage maps a re  shown f o r  t h e  ex i s t ing  
Deep Space Instrumentation F a c i l i t i e s  (DsIF) , f igure  20(a) located a t  
Woomera, Austral ia;  Goldstone, California; and Johannesburg, South Africa.  
The v i s i b i l i t y  l i n e s  depict  the  coverage f o r  varying a l t i t udes  f o r  a 
0' elevation angle taking i n t o  account t h e  t e r r a i n  and physical l i m i t s  
of the  antennas. Figure 20(b) represents t h e  coverage map of t h e  pro- 
posed DSIF s i t e s  located a t  Canberra, Australia; Goldstone, California; 
and Madrid, Spain. The acquis i t ion l i n e s  depict  the  coverage a t  varying 
a l t i t udes  f o r  a 5' e levat ion angle. The deformation of t he  acquis i t ion 
l i n e s  r e s u l t s  from the  mechanical l i m i t s  of t h e  X-Y mounted antennas. 
Figures 20(c) t o  20(e) a r e  overlays ( transparencies)  defining t h e  5' ele-  
vation v i s i b i l i t y  curves a t  varying a l t i t udes  f o r  radars located a t  
l a t i t udes  of 30° North or  South, 15' North or South, and fo r  equator ia l  
s i t e s .  These overlays may be used over any of t h e  geographical maps 
containing t h e  t r a j ec to ry  ground t racks  t o  determine t h e  coverage of 
addi t ional  radar s i t e s .  Tlie overlay t o  be se lected depends on t he  lat i -  
tude of t he  radar s i t e .  The overlays should be ro ta ted  180° f o r  radar 
s i t e s  i n  t he  Southern Hemisphere. 
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REENTRY TRAJECTORTES 



Figures 2 l ( a )  through 21(dd) present t yp i ca l  guided reentry  t r a -  
jectory parameters f o r  downrange distances from 1,200 t o  3,000 naut ical  
miles and f o r  i n i t i a l  conditions throughout t he  acceptable reentry  cor- 
r idor .  The present MIT s teer ing equations were used i n  conjunction with 
a three-degrees-of-freedom point-mass t r a j ec to ry  program t o  develop the  
subject t r a j ec to r i e s .  These t r a j ec to r i e s  a r e  based on a maximum l i f t  t o  
drag r a t i o  of 0.40. 
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One of t he  possible approaches which has been suggested t o  a l l e v i a t e  
t h e  tracking-coverage problem is  elimination of ce r ta in  days of t h e  
month which would otherwise require an addit ion t o  t h e  present coverage. 
In  other words, establishment of those mission phases and associated 
times which e s sen t i a l l y  demand a fu r ther  augmentation of a given tracking 
capabi l i ty  during t he  monthly launch window beyond a ce r t a in  degree of 
mechanization, and dismissal  of them as  po ten t ia l  launch opportunit ies.  
Although it i s  recognized t ha t  t h i s  measure w i l l  have t o  be followed t o  
some degree, it should be cautioned t h a t  a severe reduction i n  opera- 
t i o n a l  f l e x i b i l i t y  could r e s u l t  from adoption of such a plan i f  an in te-  
grated analysis  considering a l l  mission and operational  const ra ints  were 
not f i r s t  performed. It i s  the  purpose of t h i s  section, therefore,  t o  
present the  r e s u l t s  of such a study f o r  a t yp i ca l  2-month period i n  1968 
and t o  show t h e  implications involved i n  successive appl icat ion of var- 
ious launch r e s t r i c t i ons .  

Mission Rules 

The following l i s t  enumerates the  mission ru les  which were assumed 
i n  t h i s  study. They e s sen t i a l l y  define the  t r a j ec to ry  p ro f i l e  t h a t  t h e  
spacecraft  must follow i n  order t o  s a t i s f y  t he  associated mission objec- 
t i v e s .  (It should be noted t ha t  some of t h e  mission ru les  have changed 
since t h i s  study was performed.) 

1. Launch must occur during t he  months of April  or May 1968. The 
se lec t ion  of t h i s  par t i cu la r  time was a rb i t r a ry .  

2.  A f ree-re turn t r a j ec to ry  i s  required. The primary reason f o r  
t h i s  requirement is  crew safety .  

3. The se lected landing s i t e  on t he  lunar surface i s  located i n  
t he  area  of Sinus Medii a t  3'40' E longitude and 2'4' N l a t i t u d e .  

4. The required s t ay  time on t he  moon is  24 hours. 

5 The spacecraft  must re tu rn  t o  e i t h e r  of two ear th  landing s i t e s  
located a t  : 

-150' W longitude 22O N l a t i t u d e  

-165' W longitude l k O  S l a t i t u d e  



Examination w i l l  show t h a t  both of t h e s e  s i t e s  a r e  located  i n  t h e  
Pac i f i c  Ocean. These s i t e s  were chosen i n  cooperation with Recovery 
Branch Personnel and as  such represent  favored water-landing recovery 
areas  providing an "any time of t h e  month" r e t u r n  c a p a b i l i t y  wi th in  t h e  
allowable t r a j e c t o r y  i n c l i n a t i o n  and long i tud ina l  range l i m i t a t i o n s .  A 
number of primary l and  r e t u r n  s i t e s  a re  a l s o  being considered; however, 
f o r  t h e  purposes of t h i s  s t~dy ,  t h e  water r e t u r n s  were chosen. 

6. The spacecraf t  must land on t h e  moon i n  ea r th - re f l ec ted  l i g h t  
of 50 percent of maximum b r i l l i a n c e  o r  g r e a t e r .  This requirement i s  by 
f a r  t h e  most r e s t r i c t i v e  of a l l  t h e  mission r u l e s  s ince  approximately 
1 
I - of t h e  t o t a l  2-month span i s  l o s t  with i t s  app l i ca t ion .  This r e s t r i c -  2 
t i o n  r e s u l t s  i n  e s s e n t i a l l y  t h e  same l o s s  i f  the  reverse  condit ion of 
landing i n  sunshine i s  requi red .  

Operational Constraints  

The opera t ional  cons t ra in t s  imposed f o r  t h i s  mission a r e  considered 
reasonable r ep resen ta t ives  of those  expected f o r  a t y p i c a l  luna r  f l i g h t .  
The degree t o  which t h e y  a r e  u l t imate ly  enforced w i l l  depend, of course, 
upon r e s u l t s  obtained with various t radeoff -s tudies  and, f i n a l l y ,  t h e  
minimum measure of acceptable opera t ional  f l e x i b i l i t y .  The following 
l i s t  i s  i n  no way considered t o  be exhaustive but  represents  those  con- 
s t r a i n t s  which can be i d e n t i f i e d  a t  t h i s  t ime we l l  enough t o  be used i n  
a study of t h i s  na ture .  

1 1. The minimum acceptable d a i l y  launch window i s  2-- hours i n  
2 length .  This r e s t r i c t i o n  i s  imposed t o  assure  an adequate margin of 

time should "hold" periods requi re  delaying t h e  l i f t - o f f .  

2 The maximum azimuth v a r i a t i o n  wi th in  a p a r t i c u l a r  d a i l y  launch 
window w i l l  be l i m i t e d  t o  26O. The primary reason f o r  applying t h i s  
r e s t r i c t i o n  i s  t o  a s su re  a minimum of 3 minutes of t racking during or- 
b i t a l  i n s e r t i o n .  It i s  poss ib le  f o r  a s i n g l e  t r ack ing  s h i p  t o  cover 
t h i s  degree of azimuth v a r i a t i o n  i f  it i s  c e n t r a l l y  posi t ioned between 
t h e  minimum and maximum azimuth ground t r a c k s .  Moreover, because of t h e  
non-linear v a r i a t i o n  of launch azimuth with time a s  one or  t h e  o ther  
range s a f e t y  l i m i t s  ( 7 2 O  t o  108') is  approached, use of the  f u l l  3 6 O  
var ia t ion  is  not opera t iona l ly  f e a s i b l e .  

3.  Return e q u a t o r i a l  inc l ina t ions  w i l l  be l i m i t e d  t o  a maximum of 
f 4 0 ° .  This r e s t r i c t i o n  i s  applied t o  assure  favorable recovery condi- 
t i o n s  inasmuch a s  contingency landings ( r e s u l t i n g  from overshoots o r  
system f a i l u r e s )  beyond 40' north o r  south l a t i t u d e  could r e s u l t  i n  
hazardous environmental conditions f o r  t h e  crew, e spec ia l ly  i f  ac tua l  
recovery i s  delayed f o r  any reason. 



4, A minimum of three  successive acceptable da i ly  launch windows 
i s  required. I f  minor holds (due t o  weather, f o r  example) require  a 
launch rescheduling t h i s  minimum period of time allows f o r  reasonable 
operational  f l e x i b i l i t y .  

5. A daylight  launch is required followed by a minimum of 1 hour 
of dayl ight .  This requirement i s  based upon t h e  daylight  recovery of 
t he  crew i n  t h e  event of pad aborts  and a need f o r  op t ica l  t racking of 
t he  booster .  

6, Only one of the  two available d a i l y  in jec t ion  windows w i l l  be 
employed. This r e s t r i c t i o n  is imposed f o r  two reasons. F i r s t ,  f o r  
reasonable f u e l  economy, in jec t ion  must generally occur out of t h e  
Pacif ic  f o r  a descending moon and out of t he  At lant ic  when t he  moon is  
ascending. There i s ,  of course, a period, when t he  moon i s  approaching 
o r  i s  at; i t s  most northerly or most southerly declination, when injec- 
t i o n  can occur out of e i t he r  ocean. However, t h i s  period covers only 
a span of approximately 4 days. Secondly, l o g i s t i c  considerations make 
it unreasonable t o  support in jec t ion  operations i n  both oceans simul- 
taneously, especia l ly  i f  a l l  th ree  possible ea r th  o rb i t s  must be covered. 

Guidance and Performance Limitat ions 

I n  addit ion t o  t h e  constra ints  imposed f o r  t he  par t i cu la r  mission 
and f o r  operational  consi.derations, a t h i r d  c lass  of requirements must 
be examined which cover guidance and performance l irnitat ions.  Thus far, 
the  only two r e s t r i c t i ons  which have been imposed insofar  as t h i s  study 
i s  concerned a r e  l i s t e d  below. It i s  recognized t h a t  guidance and es- 
pec ia l ly  f u e l  considerations w i l l  more than l i k e l y  reduce s t i l l  f u r t he r  
t h e  f i n a l  windows arr ived at i n  t h i s  study. This par t  of the  mission 
planning problem i s  at t h i s  time undergoing intensive  invest igat ion and 
most de ta i l ed  r e su l t s  should be av'a,ilable soon. Suffice t o  say t h a t  a 
study of t h e  guidance and performance l imi ta t ions  w i l l  r e s u l t  i n  fu r the r  
launch r e s t r i c t i ons .  The constrai.nts used i n  t h i s  paper a re  a s  follows: 

1. The permissible reentry  range l i m i t s  a re  a maximum of 5,000 and 
a minimum of 1,200 naut ical  miles. 

2. The maximum allowable inc l ina t ion  of the  translunar t r a j ec to ry  
t o  t h e  earth-moon plane used i n  t h i s  study i s  1 8 O .  This r e s t r i c t i on ,  
which l eve l s  the  plane-change requirement, e s sen t i a l l y  l im i t s  in jec t ion  
on a given day t o  e i t he r  t he  Pacif ic  or  t h e  At lant ic  windows. 

Study Results 

The job of determining t he  available launch windows which s a t i s f y  
the  mission rules ,  operational const ra ints  and guidance l imi ta t ions  jus t  



enumerated involves extensive parametric analys is  of r e s u l t s  from 
patched-conic and lunar  l i g h t i n g  d i g i t a l  programs. Figure 22, f o r  
example, demonstrates the  extensive number of days l o s t  i n  order t o  
comply with jus t  t h e  lunar l i g h t i n g  requirement. Figure 23 i l l u s t r a t e s  
t h e  f u r t h e r  reduction experienced with appl ica t ion of t h e  range-safety 
launch azimuth l i m i t s .  

When t h e  launch l i g h t i n g  r e s t r i c t i o n s  a re  applied ( f i g .  24), it can 
e a s i l y  be seen t h a t  both t h e  upper and lower l i m i t s  of t h e  At lant ic ,  as 
wel l  as Paci f ic ,  windows a re  l o s t .  Not qui te  so  apparent, however, is  
t h e  add i t iona l  r e s t r i c t i o n  imposed upon t h e  ava i l ab le  At lan t i c  window i n  
t h e  month of Apr i l .  A s  mentioned previously, t o  avoid operat ions in- 
volving t h e  non-linear azimuth-versus-time port ion of t h e  range-safety 
window, t h e  des i rable  azimuth swing f o r  an At lant ic  in jec t ion,  when t h e  
moon i s  ascending, is  from 82O t o  1 0 8 ~ .  A check of f i g u r e  24 w i l l  show 
t h a t  t h e  launch azimuths on t h e  108O s i d e  of t h e  window a r e  l o s t  because 
of t h e  launch l i g h t i n g  r e s t r i c t i o n .  This means t h a t  employment of t h e  
At lan t i c  window e n t a i l s  e i t h e r  operat ions with a  d a i l y  window length  

7 

mv.ch s h o r t e r  than t h e  minimum 2-t hours, o r  use of t h e  non-linear 72' t o  
2  

82O launch azimuths with t h e i r  associa ted  high-fuel pena l t i e s  i n  t h e  
event of l a t e  l i f t - o f f  . 

Examination of f i g u r e  25 shows t h e  l o s s  i n  window s i z e  due t o  t h e  
maximum i n c l i n a t i o n  r e s t r i c t i o n s  ( s e e  f i g .  28).  Note t h a t  only one 
&-day period i s  ava i l ab le  f o r  i n j e c t i o n s  out of t h e  Pac i f i c  i n  t h e  month 
of Apr i l .  

1 
I f  t h e  minimum 2-5- hour d a i l y  window r e s t r i c t i o n  i s  enforced a 

f u r t h e r  reduction i s  rea l i zed  i n  t h e  Apri l  At lant ic- in jec t ion window 
a s  shown i n  f igure  26. Final ly ,  f i g u r e  27 associa tes  t h e  two-water 
landing r e t u r n  s i t e s  with individual  port ions of t h e  r e s u l t i n g  windows. 
Note t h a t  t h e  beginning of t h e  At lan t i c  window i n  May requires  a  r e t u r n  
t o  Hawaii. Inasmuch a s  it i s  not opera t ional ly  f e a s i b l e  t o  plan f o r  a 
s i n g l e  day r e t u r n  t o  Hawaii, t h i s  day is  e f f e c t i v e l y  l o s t .  
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APPENDIX F 

RAllflR COVEEAGE MAPS 

Figure 29 depicts  radar coverage a t  various times a f t e r  t ranslunar  
in jec t ion  f o r  land based s ta t ions  and ships.  The tracking ships used 
a re  the  following: (1)  Atlantic in jec t ion  a rea  sh ip  (20' S  la t i tude ,  
37' E longitude) which w i l l  replace the  South African s ta t ions  since t he  
South African s ta t ions  may not be available, (2)  Pacif ic  in jec t ion  area  
ship  (7' N l a t i tude ,  177' E longitude), and (3) the  inser t ion area  sh ip  
(24" N l a t i tude ,  48' W longitude) which may be used f o r  translunar in- 
jection tracking.  

Figures 29(a) t o  29(c) show how the  two in jec t ion  area ships could 
be deployed t o  improve the  radar coverage. 



TABLE I. S W - R Y  OF TRACKING LOCATIONS AND SYMBOLS USED FOR 

FIGURES 

*Solid symbol represents Deep Space Instrumentation F a c i l i t y .  
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TABLE IV. - PER@ENTA.GE Ol? 1-50 TRANSLUNAR. rFRAJECTOR.IES 
ACQUiRED AND TRACKF-33 BY EtADi"YE? 

l ~ i m e  f rom 
injection, 1 min 

Nurnber of ships used in addition to 'Table 1 stations 

TABLE V. - PERCENTAGE O F  150 TR.ANSLUNAR. TRAJECTOR.IES 
ACQUIR.ED AND TR.ACKED B Y  TELE~~ETR.Y/VOICE 





Launch azimuth, deg 

(a) Ships located on  ground track of 90° launch azimuth. 

Figure 2. - Apollo orbital insert ion tracking coverage. 





Launch azimuth, deg 

(c) Comparison of land stations and various ship locations (A, €3, and C ) .  

Figure 2. - Continued. 
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Figure 4 - Radar contact time with vehicle for earth parking orbits. 
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(bl Incl inat ion 3Z0, launch azimuth 74 8". 

Figure 4 - Continued 
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(c) Inclination 28.5", launch azimuth 90'. 

Figure 4. - Continued. 







-30.0 - 15.0 0 15.0 30.0 
Lunar declination, deg 

(a) Inclination 33.0°, launch azimuth 72.6", Atlantic 
inject ion area, 

Figure 5. - Time interval from final radar contact in an earth parking orbit 
to initiation of translunar injection thrusting, 



-30.0 -15.0 0 15.0 30.0 
Lunar declination, deg 

(b) I nclination 32.0°, launch azimuth 74.8', Atlantic 
inject ion area. 

Figure 5. -- Csntinued. 



-30.0 -15.0 0 15.0 30.0 
Lunar declination, deg 

(c) I nclination 28.5", launch azimuth 90.0"~ Atlantic 
inject ion area, 

Figure X - Continued, 



Lunar declination, deg 

(dl Inclination 31.0'~ launch azimuth 102.7', Atlantic 
injection area, 



Figure 5, - csatinuedi 



-30.0 -15.0 0 15.0 30.0 
Lunar declination, deg 

(f) I nclination 33.0'. launch azimuth 72.6". Pacific 
injection area 

Figure 5 - Continued. 



Lunar declination, deg 

(g) I nclination 32.0°, launch azimuth 74.8", Pacific 
injection area, 

Figure 5. - Continued, 



Lunar declination, deg 

(h) Inclination 28.5", launch azimuth 90.0°, Pacific 
injection area. 

Figure 5, - Continued, 



-30.0 -15.0 0 15.0 30.0 
Lunar declination, deg 

(i) I nclination 31.0°, launch azimuth 102.7", Pacific 
inject ion area. 

Figure 5, - Continued, 



(j) l nclination 33.0°, launch azimuth 107.4", Pacific 
injection area. 

Figure 5. - Concluded, 
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Figure 7. - Alt i tude and radar slant range of spacecraft versus time from i njeckim. 



00:OO 01:OO 02:OO 03:OO 04:OO 

Time from injection, hrs:min 

(bl From injection to 4 hours. 

Figure 7. - Concluded. 



68 72 76 80 84 88 92 96 100 104 108 112 

Launch  azimuth, deg 

(a) At lant ic  in ject ion f rom f i r s t  orb i t  ( in ject ion azimuth> 90'1, -27.5O l u n a r  declination. 

F igure 8. - Apollo post in ject ion acquisit ion t imes for  Atlantic and Pacific injections. 



Launch azimuth, deg 

(b) Atlantic injection from first orbit (injection azimuth > 90'1, -15" lunar declination. 

Figure 8. - Continued. 



Launch azimuth, deg 

(c) Atldntic injection from first orbit (injection azimuth > 90'1, 0" lunar declination. 

Figure 8. - Continued. 



Ldunch azimuth, deg 

(dl Atlantic injection from first orbit (injection azimuth > 90'1, 15" lunar declination. 

Figure 8. - Continued. 



Launch azimuth, deg 

(el Atlantic injection from first orbit (injection azimuth > 90'1, 27.5" lunar declination. 

Figure 8. - Continued. 



Launch azimuth, deg 

(f) Atlantic injection from second orbit (injection azimuth > 90'1, -27.5" lunar declination. 

Figure 8. - Continued. 



Launch azimuth, deg 
(g) Atlantic injection f;om second orbit (injection azimuth > 90°), -15" lunar declination. 

Figure 8. - Continued. 



Launch azimuth, deg 

(h) Atlantic injection from second orbit (injection azimuth > 90'1, 0" lunar declination. 

Figure 8. - Continued. 



0o:oo 

68 72 76 80 84 88 92 96 100 104 108 112 
Launch azimuth, deg 

(i) Atlantic injection from second orbit (injection azimuth > 90'1, 15" lunar declination. 

Johannesburg 

Figure 8. - Continued. 



Launch azimuth, deg 

(j) Atlantic injection from second orbit (injection azimuth > 90°), 27.5" lunar declination. 

Figure 8. - Continued. 



0o:oo 

68 72 76 80 84 88 92 96 100 104 108 112 

Launch azimuth, deg 
(k) Atlantic injection from third orbit (injection azimuth > 90°), -27.5" lunar declination. 

Figure 8. - Continued. 



Launch azimuth, deg 

(1) Atlantic injection from third orbit (injection azimuth > 9@), -15" lunar declination. 

Figure 8. - Continued. 



Ldunch azimuth, deg 

(m) Atlantic injection from third orbit (injection azimuth > 90'1, 0" lunar declination. 

Figure 8. - Continued. 



Launch azimuth, deg 

(n) Atlantic injection from third orbit (injection azimuth > 90'1, 15" lunar declination. 

Figure 8. - Continued. 



Launch azimuth, deg 

(01 Atlantic injection from third orbit (injection azimuth > 90'1, 27.5' lunar declination. 

Figure 8. - Continued. 



Launch dzimuth, deg 

(p) Pacific injection from first orbit (injection azimuth < 90°), -27.5" lunar declination. 

Figure 8. - Continued. 



Figure 8. - Continued. 



Launch azimuth, deg 
(r) Pacific injection from first orbit (injection azimuth < 90'1, 0" lunar declination. 

Figure 8. - Continued, 



Launch azimuth, deg 
(s) Pacific injection from first orbit (injection azimuth < 90'1, 15" lunar declination. 

Figure 8. - Continued. 



Launch azimuth, deg 

(t) Pacific injection from first orbit (injection azimuth < 90'1, 27.5" lunar declination. 

Figure 8. - Continued. 



Figure 8. - Continued. 



68 72 76 80 84 88 92 % 100 104 108 112 

Launch azimuth, deg 

(v) Pacific injection from second orbit (injection azimuth < 90'1, -15" lunar declination. 

Figure 8. - Continued 



Figure 8. - Continued. 



Launch azimuth, deg 

(XI Pacific injection from second orbit (injection azimuth < 9O0), 15" lunar declination. 

Figure 8. - Continued. 





Figure 8. - Continued. 



Figure 8. - Continued. 



L d ~ n c h  d z i m ~ t h ,  deg 
(bb) Pacific injection from th i rd  orbit (injection azimuth < 90'1, 0" lunar  declination. 

Figure 8. - Continued. 



68 72 95 80 84 $8 92 96 100 b04 108 112 
Launch azimuth, deg 

(CC) Pacific injection f rom third orbit (injection azimuth < 90'1, 1 4 O  lunar declination. 

Figure 8. - Gontiriued. 



Figure 8. - Concluded. 
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Number of radar  tracking ships 

(a) Ships necessary (in addition to Table I stations) to obtain a given percentage of radar  

acquisition and tracking for injections from firs t ,  second, and third earth parking orbits, 

Figure 15. - Number of tracking ships versus percentage of acquisition. 



Number of ships equipped with telemetry/voice 

(b) Ships necessary (in addition to  Table I stations; Kano, Nigeria; Zanzibar, Tanganyika; 

Guaymas, Mexico; arcl Canton Island) to obtain a given percentage of telemetry/voice acquisition 

for injections f rom f i rs t ,  second, and third ear th  parking orbits. 

Figure 15. - Concluded. 
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d2- = relative accuracy of assumed tracking 
'I6 station to that of a good ground based FPS-16. 

uV = standard deviation of velocity required, FPS 

$ 2  , 3  ,5 .7 1.0 2.0 4.0 7.0 10.0 

Radar sampling interval , A , sec  

Figure 19. - Smoothing time versus radar  sampling interval. 
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